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Although the basic plant body plan is estab-
lished during embryogenesis, themolecular ba-
sis of embryonic patterning remains to be fully
understood. We have identified two receptor-
like kinases, RECEPTOR-LIKE PROTEIN
KINASE1 (RPK1) and TOADSTOOL2 (TOAD2),
required for Arabidopsis embryonic pattern for-
mation. Genetic analysis indicates that RPK1
and TOAD2 have overlapping embryonic func-
tions. The zygotic gene dosage of TOAD2 in
an rpk1 background is of critical importance,
suggesting that signaling mediated by RPK1
and TOAD2 must be above a threshold level
for proper embryo development. The localiza-
tion of RPK1 and TOAD2 translational fusions
to GFP coupled with the analysis of cell-
type-specific markers indicate that RPK1 and
TOAD2 are redundantly required for both pat-
tern formation along the radial axis and differen-
tiation of the basal pole during early embryo-
genesis. We propose that RPK1 and TOAD2
receive intercellular signals and mediate intra-
cellular responses that are necessary for
embryonic pattern formation.
INTRODUCTION
The basic body plan of vascular plants is established dur-
ing embryo development. Pattern formation during plant
embryogenesis occurs along apical-basal and radial
axes. Patterning along the apical-basal axis of the embryo
forms the shoot meristem precursors at the apical pole
and root meristem precursors at the basal pole (Jurgens
et al., 1994; Mansfield and Briarty, 1991). The body of
the adult plant is derived entirely from the postembryonic
activity of these meristems. Patterning along the radial
axis coordinates the formation of the outer, middle, and
internal embryonic cell layers that generate the primary
tissue layers of the plant body. The molecular basis of
these early patterning events remains to be fully under-Develostood. In particular, little is known about the role of inter-
cellular signaling during radial pattern formation in plant
embryos.
The Arabidopsis embryo can be subdivided along its
apical-basal axis into apical, central, and basal domains
by the octant stage (Mayer et al., 1991). These domains
are maintained throughout embryo development (see
Figure 1A) and eventually produce specific seedling struc-
tures (Jurgens et al., 1994). The apical domain generates
the cotyledons and the shoot meristem while the central
domain produces portions of the cotyledons and the
root meristem initials. The basal domain is initially com-
posed of the hypophysis, which is the upper-most cell of
the suspensor (a single file of cells that supports the
developing embryo proper). Derivatives of the hypophysis
generate distal portions of the root meristem.
The primary cell layers of the plant body are initially
formed along a radial axis that is perpendicular to the api-
cal-basal axis of the embryo. This radial pattern becomes
evident at the octant-to-dermatogen stage transition
when formative cell divisions in the apical and central
domains partition the Arabidopsis embryo into the outer
protoderm (epidermal precursors) and the inner subproto-
derm cell types (Mansfield and Briarty, 1991). During the
globular stages of embryogenesis, the subprotoderm
divides to form the vascular primordium at the core of
the embryo and the ground tissue initials, which are situ-
ated between the vascular primordium and protoderm
(Figure 1A). By the late globular stage, the protoderm,
ground tissue initials, and vascular primordium express
different genes (Helariutta et al., 2000; Lu et al., 1996;
Wysocka-Diller et al., 2000), indicating that these three
distinct cell layers are specified by the end of the late glob-
ular stage (Figure 1A). Themolecularmechanisms required
for the establishment and maintenance of the radial orga-
nization of the embryonic cell layers are largely unknown.
Lineage-specific factors and cell-cell communication
could both contribute to pattern formation during plant
embryogenesis, and current evidence supports a role for
intercellular signaling. For example, embryonic-fate map-
ping experiments indicate that embryonic cells do not
have fully restricted fates prior to the octant stage (Sauls-
berry et al., 2002), suggesting that intercellular signaling
contributes to cell-fate decisions. In addition, the plantpmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc. 943
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Two RLKs Required for Embryonic Pattern FormationFigure 1. RPK1 and TOAD2 Encode LRR RLKs Required for Proper Embryo Morphogenesis
(A) Schematic of radial pattern formation during Arabidopsis embryogenesis.
(B) Gene models of RPK1 and TOAD2. Colored boxes indicate predicted domains. Triangles, insertion sites of T-DNA mutants; numbers in paren-
theses, position of insertion in base pairs downstream of start of translation.
(C–E) Representative Nomarski images of normal sibling embryos from rpk1-1 toad2-1/+ self-pollinated plants at the early globular (C), late globular
(D), and heart (E) stages. The hypophysis and lens-shaped cell are indicated by an arrowhead and arrow, respectively.944 Developmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc.
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Two RLKs Required for Embryonic Pattern Formationhormone auxin is an intercellular signal required for pat-
tern formation along the apical-basal axis (Friml et al.,
2003; Weijers et al., 2006). However, the signals and
receptors required for pattern formation along the radial
axis of the early embryo are unknown.
In animals, many cell-signaling processes, including
those required for embryonic pattern formation, are medi-
ated through membrane-localized receptors (Olsson
et al., 2006; Vivekanand and Rebay, 2006). The largest
group of receptors in Arabidopsis is the receptor-like
kinase (RLK) gene family, with over 400 RLKs predicted
to have extracellular and transmembrane domains (Shiu
and Bleecker, 2001). Recent reports describe several ex-
amples of closely related RLKs with overlapping functions
during postembryonic pattern formation (Albrecht et al.,
2005; Cano-Delgado et al., 2004; Shpak et al., 2004).
However, whereas many RLK genes are expressed in
young siliques (fruits) containing embryos at early devel-
opmental stages (Hennig et al., 2004), no RLK gene
required for embryonic pattern formation has been identi-
fied. These observations suggest that RLKs have over-
lapping functions during Arabidopsis embryonic pattern
formation, and that this functional overlap might prevent
their identification by forward genetic screens.
To identify RLKs involved in embryogenesis, we used
phylogenetic relationships (Shiu and Bleecker, 2003) to
guide reverse genetic studies of members of the leu-
cine-rich repeat (LRR) RLK subfamily. Levels of mRNA
and protein encoded by the LRR RLK RPK1 were previ-
ously found to be increased in plants treated with abscisic
acid (ABA) (Hong et al., 1997; Osakabe et al., 2005). We
initially named RPK1 as TOAD1 based on its mutant
phenotype, but will refer to this gene as RPK1 because
of its prior characterization. To test whether RPK1 and
an uncharacterized LRR RLK with the most similar kinase
domain to RPK1 in the Arabidopsis genome (Shiu and
Bleecker, 2003), TOAD2, have overlapping functions, we
attempted to create rpk1 toad2 double mutant plants.
We found that RPK1 and TOAD2 are redundantly required
for proper morphogenesis and differentiation of cells
along the radial axis and in the basal pole of the early
Arabidopsis embryo. In addition, RPK1 and TOAD2 trans-
lational fusions to GFP had overlapping localization pat-
terns within cell types that exhibited defects in the mutant
embryos during early embryogenesis. Collectively, our
results indicate that RPK1 and TOAD2 are redundantly
required for radial pattern formation in early embryos.
RESULTS
RPK1 and TOAD2 Are Redundantly Required
for Seed Development
To identify developmental roles of RPK1 (At1g69270) and
TOAD2 (At3g02130), we examined plants with single
mutations in each gene (Figure 1B). The T-DNA insertionDeveloalleles rpk1-1, toad2-1, and toad2-2 are likely null because
no full-length transcripts were found, and the nonsense
mutation in rpk1-5 is predicted to result in an early prema-
ture stop codon (Figure 1B; see Figure S1 in the Supple-
mental Data available with this article online). Develop-
mental defects were not observed in rpk1-1 or rpk1-5
homozygous mutant plants. However, toad2-1 and
toad2-2 plants exhibited developmental defects including
the production of smaller rosette leaves, increased
branching, spindly primary and lateral shoots, and sterility
(data not shown). Because the predicted RPK1 and
TOAD2 kinase domains are 76% identical, we next tested
whether they have overlapping functions by attempting to
generate seedlings with null mutations in both genes.
However, rpk1 toad2 seedlings were never recovered.
We then examined siliques from self-pollinated rpk1-1/+
toad2-1/+ and rpk1-5/+ toad2-2/+ plants, and observed
nonviable seeds that became brown and shrunken upon
maturation (Figure S2). Self-pollinated rpk1-1/+ toad2-1/+
and rpk1-1 toad2-1/+ plants produced 15.5% and
47.1% abnormal seeds, respectively (Table 1). Self-polli-
nated rpk1-5/+ toad2-1/+ and rpk1-1 toad2-2/+ plants
yielded 14% and 44.5% abnormal seeds (Table 1). These
results indicate that self-pollinated rpk1/+ toad2/+ and
rpk1 toad2/+ plants produced abnormal seeds that segre-
gate in an atypical Mendelian fashion.
A PCR-based assay was used to determine whether
there was a reduction in the frequency of specific geno-
types among the progeny from self-pollinated rpk1-1/+
toad2-1/+ and rpk1-1 toad2-1/+ plants. As shown in Table
S3, rpk1-1 toad2-1 seedlings were never recovered from
rpk1-1/+ toad2-1/+ or rpk1-1 toad2-1/+ self-pollinated
plants. In addition, the frequencies of rpk1-1 toad2-1/+
seedlings from rpk1-1/+ toad2-1/+ and rpk1-1 toad2-1/+
self-pollinated plants were reduced by approximately
one half of their expected values (Table S3). Similar results
were also observed from rpk1-1/+ toad2-2/+ and rpk1-5/+
toad2-1/+ self-pollinated plants (Table S3). Therefore,
the reduction in frequencies of the rpk1 toad2 and rpk1
toad2/+ genotypic classes was correlated with the fre-
quency of the abnormal seed phenotype. These results
suggest that the absence of rpk1-1 toad2-1 double homo-
zygous plants and the reduction in the frequency of rpk1-1
toad2-1/+ individuals are due to a defect during seed
development.
Several genetic tests were performed to determine
whether the abnormal seed phenotype, as well as the
absence of the rpk1 toad2 and reduction of the rpk1
toad2/+ genotypic classes, were due to defects during
embryo development. As shown in Table S4, reductions in
the frequency of the rpk1-1 toad2-1 and rpk1-1 toad2-1/+
genotypes, and the associated mutant seed phenotype,
were due to zygotic effects of themutant alleles. Taken to-
gether, our genetic data indicate that RPK1 and TOAD2
are required for proper embryo development.(F–H) Representative images of abnormal sibling embryos from rpk1-1 toad2-1/+ self-pollinated plants whose normal siblings are at the early globular
(F), late globular (G), and heart (H) stages. Asterisks indicate planes of abnormal cell divisions.
The scale bars represent 25 mm.pmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc. 945
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Two RLKs Required for Embryonic Pattern FormationTable 1. Frequencies of Abnormal Seeds and Embryos
Parent Genotype (Self-Pollinated)
Frequency of Abnormal Seeds
(Number Observed/Total)
Frequency of Embryos with toadstool
Phenotypea (Number Observed/Total)
rpk1-1 3.2% (39/1232) 2.2% (4/183)
rpk1-5 1.6% (14/886) 1.1% (6/568)
toad2-1/+ 0.5% (7/1358) 0% (0/191)
toad2-2/+ 0.5% (5/1076) 0% (0/173)
rpk1-1/+ toad2-1/+ 15.5% (158/1018) 15.4% (77/500)
rpk1-1 toad2-1/+ 47.1% (424/901) 47.4% (117/247)
rpk1-5 toad2-2/+ 49.1% (234/477) 45.9% (133/290)
rpk1-1 toad2-1/+ (female) X rpk1-1 (male) — 24.3% (35/144)
rpk1-1 (female) X rpk1-1 toad2-1/+ (male) — 21.4% (25/117)
Col-0 (wild-type) 0.9% (8/890) 0% (0/143)
a Embryo phenotypes were determined when the normal siblings were at the late globular stage.Morphogenesis Is Abnormal in rpk1 toad2/+ and rpk1
toad2 Embryos
To determine the nature of the embryonic defect and the
stage at which RPK1 and TOAD2 are initially required,
we fixed, cleared, and examined whole seeds containing
embryos at different developmental stages from self-
pollinated rpk1-1 toad2-1/+ plants. As shown in Figure 1F,
abnormal embryos were first observed at the early globu-
lar stage. Nearly half (42%; 38/91) of the embryos ana-
lyzed in individual siliques produced enlarged cells in the
position of the central domain protoderm and frequently
displayed abnormal planes of cell divisions in the pre-
sumptive hypophysis (Figure 1F), whereas the rest of the
embryos (53/91) were indistinguishable from wild-type
embryos (Figure 1C). At the late globular stage, nearly
half (47%; 117/247) of the embryos showed a further in-
crease in the size of the central domain protodermal cells,
which also exhibited aberrant planes of cell division at
a low frequency (compare Figures 1G and 1D). In the
same embryos, the presumptive hypophysis frequently
failed to produce a lens-shaped cell (compare Figures
1G and 1D), which is required for the proper development
of the root apical meristem. By the heart stage, approxi-
mately half (47%; 137/285) of the embryos had undergone
abnormal morphogenesis throughout both the embryo
proper and suspensor, resulting in a mushroom-shaped
nonviable embryo (compare Figures 1H and 1E). There-
fore, we named the mutant phenotype toadstool after
the poisonous class of mushrooms. Embryos from self-
pollinated rpk1-5 toad2-2/+ plants displayed identical
phenotypes at similar frequencies to those observed for
rpk1-1 toad2-1/+ (Table 1 and data not shown). These
results indicate that self-pollinated rpk1 toad2/+ plants
generate abnormal sibling and normal sibling embryos in
an approximately one-to-one ratio.
As described above, nearly 50% of the embryos from
self-pollinated rpk1 toad2/+ plants exhibited the toadstool
phenotype, whereas 25% are expected to exhibit this
phenotype if only rpk1 toad2 embryos are defective during946 Developmental Cell 12, 943–956, June 2007 ª2007 Elsevieembryogenesis (Table 1). Together with our observation
that the expected frequency of the rpk1 toad2/+ genotypic
class was reduced by nearly one half (Tables S3 and S4),
these results demonstrate that rpk1 toad2/+ embryos are
50% penetrant for the toadstool phenotype. Therefore,
approximately one half of rpk1 toad2/+ embryos are
indistinguishable from rpk1 toad2 embryos and undergo
abnormal morphogenesis, while the other half of rpk1
toad2/+ embryos are indistinguishable from rpk1 embryos
and undergo normal morphogenesis. Reciprocal crosses
between rpk1-1 and rpk1-1 toad2-1/+ plants confirmed
that rpk1 toad2/+ embryos are indeed haploinsufficient
for proper morphogenesis approximately 50% of the
time (Table 1; Table S4).
To compare the embryo phenotypes from different
parental genotypes, we examined embryos from self-
pollinated rpk1, toad2/+, and rpk1/+ toad2/+ plants
(Table 1). Abnormal sibling embryos from self-pollinated
rpk1-1/+ toad2-1/+ plants were indistinguishable from ab-
normal sibling embryos that resulted from self-pollinated
rpk1-1 toad2-1/+ and rpk1-5 toad2-2/+ plants, indicating
that neither the expressivity nor the penetrance of the
toadstool phenotype requires an rpk1 maternal genotype
(data not shown). None of the progeny from self-pollinated
toad2-1/+ (0/191) or toad2-2/+ (0/173) plants exhibited the
toadstool phenotype. However, 2.2% (4/183) and 1.1% (6/
568) of the progeny from self-pollinated rpk1-1 and rpk1-5
plants did exhibit this phenotype (Table 1). Therefore, the
vast majority of abnormal sibling embryos that result from
the self-pollination of rpk1/+ toad2/+ and rpk1 toad2/+
plants are due to mutations in both RPK1 and TOAD2.
RPK1-GFP and TOAD2-GFP Have Overlapping
Localization Patterns during Embryogenesis
Because the RLKs encoded by RPK1 and TOAD2 are re-
quired for proper central domain protoderm and hypoph-
ysis morphogenesis during the globular stages (Figure 1),
we predicted that RPK1 and TOAD2 have overlapping
localization patterns before and/or during these stagesr Inc.
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Two RLKs Required for Embryonic Pattern FormationFigure 2. RPK1-GFP and TOAD2-GFP Localization
(A–D) Representative confocal images of RPK1-GFP localization at the octant (A), dermatogen (B), early globular (C), and late globular (D) stages.
(E) Image of wild-type (Col-0) early globular embryo with no GFP transgene.
(F) A signal corresponding to TOAD2-GFP is not detected in dermatogen-stage embryos.
(G and H) Representative images of TOAD2-GFP localization at the early globular stage (surface view) (G) and late globular stage (H).
Red, FM4-64 (lipophilic dye); green, GFP; yellow, overlap of FM4-64 and GFP.
The scale bars represent 25 mm.of embryo development. To examine the localization of
the RPK1 and TOAD2 proteins, we generated RPK1 and
TOAD2 translational GFP fusions under the control of their
respective upstream sequences (RPK1p::RPK1-GFP
and TOAD2p::TOAD2-GFP) and introduced these into
Arabidopsis plants. RPK1p::RPK1-GFP and TOAD2p::
TOAD2-GFP both complemented the toadstool pheno-
type (Table S5), indicating that the translational fusions
are functional.DeveloAs shown in Figure 2A, RPK1-GFP was first detected in
the suspensor cells of octant-stage embryos. At this stage,
a strong signal was always observed in the presumptive
basal plasma membrane of the basal-most cell of the sus-
pensor, which is in direct contact with maternal tissue
(Figure2A).A signal corresponding toRPK1-GFPwaspres-
ent throughout the central domain and basal domain of the
embryoproper, aswell as the suspensor at thedermatogen
(Figure 2B) and globular stages (Figures 2C and 2D).pmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc. 947
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Two RLKs Required for Embryonic Pattern FormationFigure 3. A Protoderm Marker Is Not Expressed Properly in Abnormal Sibling Embryos
(A–E) In situ hybridizations with ATML1 antisense probe. Representative embryos from wild-type (A and C) and rpk1-1 toad2-1/+ (B, D, and E) plants,
including normal (D) and abnormal (E) siblings.
(F–H) In situ hybridizations with ATML1 sense probe. Representative wild-type (F), normal sibling (G), and abnormal sibling (H) embryos.
Developmental stages of embryos are indicated on the left-hand side of the figure and include dermatogen (A and B) and early globular (C–H) stages.
The scale bars represent 25 mm.Furthermore, a proportion of RPK1-GFP appeared to be
localized to the plasma membrane of the suspensor cells,
the basal domain, the central domain protoderm (Figures
2B–2D), and occasionally the ground tissue initial precur-
sors (Figure 2C) at the dermatogen and globular stages.
TOAD2-GFP fusion protein was first detected in the
presumptive plasmamembrane of the central domain pro-
toderm at the early globular stage (Figure 2G), although at
a lower level than observed for RPK1-GFP. TOAD2-GFP
signal was not detectable in the subprotoderm cells at
the early globular stage (data not shown). However, similar
to RPK1-GFP, TOAD2-GFP was detected throughout the
central and basal domains at the late globular stage
(Figure 2H). Thus, RPK1-GFP and TOAD2-GFP had over-
lapping localization patterns within cell types that exhibit
morphogenetic defects in the abnormal siblings during
early embryogenesis.
Protoderm Markers Are Not Expressed Properly
in Abnormal Sibling Embryos
To determine whether the cell types that have morphoge-
netic defects in the abnormal siblings also have cell differ-948 Developmental Cell 12, 943–956, June 2007 ª2007 Elsevieentiation defects along the radial axis, we analyzed the ex-
pression of radial cell-type markers in embryos obtained
from self-pollinated rpk1-1 toad2-1/+ plants. First, we
analyzed the localization of two protoderm marker
mRNAs, Arabidopsis thaliana meristem L1 layer (ATML1)
and KANADI (KAN). The ATML1 gene is expressed
uniformly throughout the embryo proper until the octant-
to-dermatogen stage transition, at which time it becomes
exclusively expressed in the protoderm of dermatogen-
and globular-stage embryos (Lu et al., 1996). The KANADI
(KAN) gene is first expressed in the central domain proto-
derm at the late globular stage (Kerstetter et al., 2001). As
shown in Figures 3A and 3B, ATML1mRNAwas present in
the protoderm of dermatogen-stage embryos from self-
pollinated wild-type (100%; 17/17) and rpk1-1 toad2-1/+
(85%; 33/39) plants. However, no early or late globular
abnormal siblings (0/61) expressed ATML1 in cells in the
position of the central domain protoderm (Figure 3E and
data not shown). In addition, most early globular (64%;
16/25) and late globular abnormal siblings (94%; 34/36)
also lacked ATML1 expression in the apical domain proto-
derm (Figure 3E and data not shown). In contrast, all earlyr Inc.
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Two RLKs Required for Embryonic Pattern Formationand late globular normal siblings (71/71) expressed
ATML1 in the protoderm (Figure 3D and data not shown).
KAN mRNA was not detected in the cells in the position of
the central domain protoderm in late globular abnormal
siblings (0/18) (data not shown), but was detected in the
central domain protoderm in late globular wild-type (20/
22) and late globular normal sibling embryos (16/20)
(data not shown). Therefore, cells in the position of the
protoderm in abnormal sibling embryos initially express
ATML1, but fail to maintain ATML1 expression during
the globular stages. In addition, late globular abnormal
siblings fail to initiate KAN expression. These results
indicate that protoderm cell-fate maintenance, rather
than specification, is defective in the abnormal sibling
embryos.
Subprotoderm and Vascular Primordium Markers
Are Ectopically Expressed in the Protoderm and
Ground Tissue Initials of Abnormal Sibling Embryos
To determine whether vascular primordium cells are spec-
ified correctly in abnormal siblings, we examined the
expression of two vascular primordium markers, PIN
HEAD/ZWILLE (PNH/ZLL) and SHORT ROOT (SHR), in
embryos obtained from self-pollinated rpk1-1 toad2-1/+
plants. Expression of PNH/ZLL (Lynn et al., 1999; Mous-
sian et al., 1998) is detectable throughout the embryo
proper as early as the quadrant stage and becomes
increasingly restricted to subprotodermal cells during
the dermatogen (Figure 4A) and early globular stages
(Figure 4C). At the late globular stage, PNH/ZLL is ex-
pressed predominately in the inner-most vascular primor-
dium (Lynn et al., 1999; Moussian et al., 1998). Similarly,
an SHRp::GFP reporter gene is specifically expressed in
the vascular primordium beginning approximately at the
late globular stage (Helariutta et al., 2000). As shown in
Figures 4A and 4B, the majority of dermatogen-stage
embryos from both wild-type plants (96%; 24/25) and
self-pollinated rpk1-1 toad2-1/+ plants (86%; 18/21) ex-
pressed PNH/ZLL predominately in the subprotoderm.
However, approximately half of the early globular abnor-
mal sibling embryos (51%; 44/87) had PNH/ZLL mRNA
accumulation in both the protoderm and subprotoderm
(Figure 4E). During the late globular stage, abnormal
sibling embryos either had unrestricted accumulation of
PNH/ZLL mRNA throughout the central domain (including
the vascular primordium, ground tissue initials, and proto-
derm) (53%; 16/30) (Figure 4H) or had an expanded
pattern of accumulation in the vascular primordium and
the ground tissue initials (47%; 14/30) (data not shown).
PNH/ZLLmRNAwas also frequently detected in the apical
domain and presumptive hypophysis at the late globular
and transition stages (Figure 4H). In contrast, the normal
siblings (Figures 4D and 4G) exhibited patterns of PNH/
ZLL mRNA accumulation similar to wild-type embryos
(Figures 4C and 4F).
An SHRp::GFP reporter gene was also ectopically
expressed in abnormal sibling embryos. During the late
globular stage, abnormal sibling embryos exhibited
SHRp::GFP expression either in all cell layers of the centralDevelodomain including the protoderm (64%; 21/33) or solely in
the vascular primordium and the ground tissue initials
(36%; 12/33) (data not shown). During the transition stage,
which is directly after the late globular stage, all (9/9)
abnormal sibling embryos examined exhibited a fully ex-
panded pattern of SHRp::GFP expression in all the cell
layers of the central domain, the presumptive hypophysis,
and frequently in the apical domain (Figure 4N). Normal
sibling embryos from the same plants exhibited expres-
sion patterns similar to those observed in wild-type
embryos (Figures 4L and 4M). Taken together, these
data indicate that subprotoderm and vascular primordium
markers are ectopically expressed in cells in the position
of the protoderm and ground tissue initials of the abnormal
sibling embryos during the globular stages.
Ground Tissue Initial Markers Are Not Expressed
in Abnormal Sibling Embryos
As discussed above, the ground tissue initials are speci-
fied during the globular stages, and are situated in the
central domain between the protoderm and vascular pri-
mordium (Figure 1A). Because SCARECROW (SCR) is ex-
pressed in the lens-shaped cell and ground tissue initials
at the late globular stage (Wysocka-Diller et al., 2000),
we examined SCR expression in embryos obtained from
self-pollinated rpk1-1 toad2-1/+ plants to determine
whether the ground tissue initials are specified correctly
in the abnormal sibling embryos. SCR mRNA was de-
tected in the ground tissue initials of all late globular
wild-type (26/26) and normal sibling (57/57) embryos ex-
amined (Figures 5E and 5F). However, SCR mRNA was
not detected in cells in the position of the ground tissue
initials in any (0/39) abnormal sibling embryos during the
late globular stage (Figure 5G). Together, the ectopic
expression of PNH/ZLL and SHRp::GFP, as well as the
absence of SCR expression, in cells in the position of
the ground tissue initials indicate that the ground tissue
initials are misspecified in abnormal sibling embryos.
The morphological defects observed in the abnormal
sibling embryos coupled with our analysis of protoderm,
vascular primordium, and ground tissue initial markers in
the abnormal sibling embryos indicate that radial pattern-
ing is defective in the abnormal siblings. More specifically,
abnormal sibling embryos fail to maintain protoderm cell
fate, fail to restrict vascular primordium cell fate to the
inner-most cells, and fail to specify the ground tissue
initials.
Abnormal Sibling Embryos Are Defective
in Hypophysis Marker Expression
To determine whether hypophysis differentiation was de-
fective in abnormal siblings, we first examined the expres-
sion of SCR, which is initially expressed in the hypophysis
at the early globular stage (Wysocka-Diller et al., 2000). A
nuclear-localized version of GFP under the control of the
SCR upstream regulatory sequences was expressed in
the presumptive hypophysis in all early globular normal
siblings (14/14) and abnormal siblings (10/10) examined
(data not shown). Furthermore, SCR mRNA was detectedpmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc. 949
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Two RLKs Required for Embryonic Pattern FormationFigure 4. Subprotoderm and Vascular PrimordiumMarkers Are Ectopically Expressed in the Protoderm and Ground Tissue Initials
of Abnormal Sibling Embryos
(A–H) In situ hybridizations with PNH/ZLL antisense probe. Representative embryos fromwild-type (A, C, and F) and rpk1-1 toad2-1/+ (B, D, E, G, and
H) plants, including normal (D and G) and abnormal (E and H) siblings.
(I–K) In situ hybridizations with PNH/ZLL sense probe. Representative wild-type (I), normal sibling (J), and abnormal sibling (K) embryos.
(L–N) Representative confocal images of SHRp::GFP expression in wild-type (L), normal sibling (M), and abnormal sibling (N) embryos.
Developmental stages of embryos are indicated on the left-hand side of the figure and include dermatogen (A and B), early globular (C–E), and late
globular and transition (F–N) stages.
The scale bars represent 25 mm.in the presumptive hypophysis and its derivatives in the
abnormal sibling embryos during the globular stages
(Figures 5C and 5G) in expression patterns similar to those950 Developmental Cell 12, 943–956, June 2007 ª2007 Elsevierobserved in wild-type (Figures 5A and 5E) and normal
sibling embryos (Figures 5B and 5F). Therefore, SCR is
appropriately expressed in the presumptive hypophysisInc.
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Two RLKs Required for Embryonic Pattern Formationof abnormal siblings despite the division defects observed
in these cell types.
Similar to SCR, WUSCHEL Related Homeobox 5
(WOX5) is expressed in the hypophysis at the early globu-
lar stage (Haecker et al., 2004). Therefore, we also exam-
ined the expression of a nuclear-localized version of GFP
under the control of the WOX5 upstream regulatory se-
quences (WOX5p::GFP-NLS) in abnormal sibling embryos
to test for hypophysis differentiation defects. WOX5p::
GFP-NLS was expressed in the hypophysis and its deriv-
atives in all early and late globular wild-type embryos
examined (Figures 5H and 5L). In contrast,WOX5p::GFP-
NLS was not expressed in the hypophysis in most (71%;
12/17) early globular abnormal siblings (Figure 5J), but
was expressed in approximately half (48%; 11/23) of the
late globular abnormal siblings examined (Figure 5N).
Therefore, WOX5p::GFP-NLS expression is perturbed in
a large proportion of abnormal sibling embryos, suggest-
ing that hypophysis differentiation is defective.
Auxin signaling has been shown to contribute to
hypophysis development (Aida et al., 2004; Friml et al.,
2003; Weijers et al., 2006). Because the auxin-responsive
DR5 promoter fused toGFP (DR5rev::GFP) is expressed in
the hypophysis and its derivatives during the globular
stages (Friml et al., 2003), we examined DR5rev::GFP ex-
pression in globular-stage abnormal sibling embryos to
test whether the hypophysis cells were defective in auxin
response. During the early globular stage, no expression
was detected in the hypophysis in most (77%; 20/26) early
globular abnormal siblings (Figure 5Q). However, by the
late globular stage, DR5rev::GFP was expressed in the
presumptive hypophysis derivatives in the majority
(81%; 34/42) of abnormal siblings (Figure 5U). In contrast,
we observed DR5rev::GFP expression in the hypophysis
and its derivatives in all early and late globular wild-type
embryos examined (Figures 5O and 5S). Based on these
results, the response to auxin in the hypophysis of abnor-
mal siblings appears to be delayed.
DR5rev::GFP expression was also observed in the distal
suspensor cells in most (65%; 22/34) of the late globular
abnormal siblings that expressedDR5rev::GFP (Figure 5U)
and in all (17/17) of the abnormal siblings whose normal
siblings were at the transition stage (Figure 5X). Similarly,
late globular abnormal sibling embryos occasionally
(26%; 6/23) exhibited ectopic expression of WOX5p::
GFP-NLS in distal suspensor cells (data not shown).
Therefore, the expression of both DR5rev::GFP and
WOX5p::GFP-NLS reporter genes show a proximal-to-
distal shift in a large proportion of the abnormal sibling
embryos examined. In addition, cells in the position
of the hypophysis derivatives frequently ectopically ex-
pressed vascular primordium markers (PNH/ZLL, SHRp::
GFP, and PIN1-GFP) in abnormal siblings whose normal
siblings were at the transition stage (Figures 4H and 4N;
Figure S6).
Taken together, our results suggest that abnormal
sibling embryos have differentiation defects during hypo-
physis development. Our marker analyses also suggest
that cells in the position of the hypophysis derivativesDevelohave undergone at least a partial hypophysis-to-vascular
primordium cell-fate transformation in abnormal sibling
embryos whose normal siblings are at the transition
stage.
Normal Sibling Embryos Frequently Exhibit Aberrant
Marker Expression at the Early Globular Stage
During our analysis of cell-type-specific markers in abnor-
mal sibling embryos obtained from self-pollinated rpk1-1
toad2-1/+ plants, we observed that a significant pro-
portion of the normal sibling embryos did not show proper
expression of the SCR, WOX5p::GFP-NLS, and DR5rev::
GFP markers when compared to wild-type embryos. For
example, in addition to SCR expression in the hypophysis,
we also frequently detected SCR expression in the central
domain protoderm of both early globular normal siblings
(57%; 17/30) (Figure 5B) and abnormal siblings (35%; 9/
26) (data not shown). However, at the late globular stage,
SCR was rarely expressed in the protoderm of normal
(3%; 2/60) or abnormal siblings (5%; 2/42) (data not
shown). Because both the rpk1 and rpk1 toad2/+ geno-
typic classes make up the normal sibling phenotypic
class, we then examined SCR expression in rpk1-1 em-
bryos to determine whether rpk1-1 embryos were just as
likely as the normal rpk1-1 toad2-1/+ embryos to ectopi-
cally express SCR in the central domain protoderm. We
found that the majority (86%; 19/22) of early globular
rpk1-1 embryos did not expressSCR in the central domain
protoderm (Figure 5D), suggesting that most of the early
globular normal siblings that ectopically expressed SCR
in the central domain protoderm were of the rpk1-1
toad2-1/+ genotypic class.
Hypophysis differentiation defects were also frequently
observed in early globular normal sibling embryos. For
instance, WOX5p::GFP-NLS and DR5rev::GFP were not
expressed in the hypophysis in most (52%; 12/23 and
71%; 15/21, respectively) early globular normal siblings
(Figures 5I and 5P). However, WOX5p::GFP-NLS and
DR5rev::GFP were expressed in the hypophysis in the
majority (77%; 24/31 and 86%; 56/65, respectively) of
late globular normal siblings (Figures 5M and 5T). To
determine whether the rpk1 toad2/+ genotypic class of
normal sibling embryos was more likely to have defects
in WOX5p::GFP-NLS and DR5rev::GFP expression than
the rpk1 genotypic class of normal siblings, we examined
WOX5p::GFP-NLS andDR5rev::GFP expression in rpk1-1
embryos. WOX5p::GFP-NLS and DR5rev::GFP were ex-
pressed in the hypophysis in nearly all (93%; 14/15 and
95%; 20/21, respectively) early globular rpk1-1 embryos
(Figures 5K and 5R). These results suggest that the major-
ity of normal sibling embryos that were delayed in the
onset ofWOX5p::GFP-NLS expression or auxin response
were of the rpk1-1 toad2-1/+ genotypic class.
These results suggest that both normal siblings and
abnormal siblings frequently ectopically express SCR in
the central domain protoderm at the early globular stage,
but are able to repress this ectopic SCR expression by
the late globular stage. Furthermore, most early globular
normal siblings and abnormal siblings are delayed inpmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc. 951
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Two RLKs Required for Embryonic Pattern FormationFigure 5. Ground Tissue Initial and Hypophysis Marker Expression in Normal and Abnormal Sibling Embryos
(A–G) In situ hybridizations with SCR antisense probe. Representative wild-type (A and E), normal sibling (B and F), abnormal sibling (C and G), and
rpk1-1 (D) embryos.
(H–N) Representative confocal images ofWOX5p::GFP-NLS expression in wild-type (H and L), normal sibling (I andM), abnormal sibling (J and N), and
rpk1-1 (K) embryos.952 Developmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc.
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Two RLKs Required for Embryonic Pattern FormationDR5rev::GFP and WOX5p::GFP-NLS expression, but are
able to initiate the expression of these promoters by the
late globular stage. Therefore, normal sibling embryos
are able to repress improper differentiation programs
and subsequently initiate the appropriate programs. Addi-
tionally, rpk1-1 toad2-1/+ normal sibling embryos were
more likely than rpk1-1 normal sibling embryos to ectopi-
cally express SCR, and not express DR5rev::GFP and
WOX5p::GFP-NLS at the early globular stage. Similar to
our observation that embryo morphogenesis is sensitive
to TOAD2 gene dosage in an rpk1 background, these re-
sults suggest that activation of embryonic differentiation
programs is also sensitive to TOAD2 gene dosage in an
rpk1 background.
DISCUSSION
RPK1 and TOAD2 Are Redundantly Required
for Embryonic Pattern Formation
Our results indicate that RPK1 and TOAD2 have overlap-
ping functions required for embryonic pattern formation
in Arabidopsis. The toadstool phenotype was rarely ob-
served in rpk1 single mutant embryos and never observed
in toad2 single mutant embryos (Table 1). However, our
data indicate that rpk1 toad2 double mutant embryos
always exhibit the toadstool phenotype. This strongly
suggests that both RPK1 and TOAD2 are redundantly
required for proper embryo development. Furthermore,
the frequency of the toadstool phenotype is especially
sensitive to zygotic TOAD2 gene dosage in an rpk1 back-
ground. More specifically, our results indicate that rpk1
toad2/+ embryos are either indistinguishable from rpk1
embryos (normal phenotype) or rpk1 toad2 embryos
(toadstool phenotype). Together with the observation
that rpk1 embryos exhibit the toadstool phenotype at
a low frequency, this suggests that signaling mediated
by RPK1 and TOAD2 must be above a critical threshold.
Additional evidence that RPK1 and TOAD2 are redun-
dantly required during embryogenesis is provided by the
observation that RPK1-GFP and TOAD2-GFP proteins
have overlapping localization patterns in wild-type cell
types that exhibit defects in the toadstool embryos (Fig-
ure 2). Finally, expression analyses of cell-specific
markers in toadstool embryos indicate that RPK1 and
TOAD2 are redundantly required for differentiation of
particular cell types along the radial axis and in the basal
embryonic pole (Figures 3–5).
A Potential Role for ABA Signaling in the Early
Embryo
Previously, Hong et al. (1997) found that RPK1 expression
is increased upon treatment with ABA and proposed that
RPK1 may be involved in ABA signaling. A recent reportDeveloprovided evidence that the level of RPK1 protein is also in-
creased upon treatment with ABA (Osakabe et al., 2005).
Furthermore, rpk1 mutants are partially insensitive to the
effects of ABA on several developmental processes (Osa-
kabe et al., 2005). Based on these and other results, the
authors proposed that the plasma membrane-localized
RPK1 protein positively regulates ABA signal transduction
(Osakabe et al., 2005). However, it remains to be deter-
minedwhether ABA binds directly to RPK1 to induce intra-
cellular ABA signaling events. As discussed below, RPK1
may have an indirect role in ABA signaling.
Whereas ABA is primarily known for its roles in stress re-
sponses and embryo maturation and desiccation (Finkel-
stein et al., 2002), there is increasing evidence that ABA
also plays a role in early embryonic development. For ex-
ample, maternal ABA affects the rate of embryo growth in
Nicotiana plumbaginifolia (Frey et al., 2004). As discussed
above, ABA treatment of wild-type plants increases the
amount of RPK1 mRNA and protein (Osakabe et al.,
2005). Our results indicate that RPK1 protein is present
in the suspensor and protoderm during early embryogen-
esis (Figures 2A–2D). These two embryonic cell types are
potential entry points for maternal ABA. Together, these
observations offer the intriguing possibility that ABA may
influence cell differentiation during early embryogenesis
by increasing the amount of RPK1. This increased level
of RPK1 may facilitate ABA signaling by increasing the
amount of RPK1 available for ABA binding. Alternatively,
increased levels of RPK1 may mediate cell differentiation
independently of ABA binding. This differentiation may in
turn establish a cellular state that is competent to respond
to ABA during later stages of embryogenesis.
RPK1 and TOAD2 Are Redundantly Required for
Radial Pattern Formation in Arabidopsis Embryos
Our results indicate thatRPK1 and TOAD2 are redundantly
required for pattern formation along the radial axis of
Arabidopsis embryos. In toadstool embryos, the cells in
the position of the protoderm do not express protoderm
markers, but do express subprotoderm markers. Further-
more, toadstool embryonic cells in the position of the
ground tissue initials do not express ground tissue initial
markers, but do express vascular primordium markers.
Based on these results, there are outer-to-inner cell-fate
transformations along the radial axis of toadstool embryos.
Pattern formation along the radial axis of the Arabidop-
sis embryo is first evident when cell divisions during
the octant-to-dermatogen stage transition separate the
outer protoderm from the inner subprotoderm (Mansfield
and Briarty, 1991). Our results indicate that RPK1 and
TOAD2 are not required for the establishment of the pro-
toderm at the dermatogen stage, but rather that RPK1
and TOAD2 are redundantly required for the maintenance(O–X) Representative confocal images of DR5rev::GFP expression in wild-type (O, S, and V), normal sibling (P, T, and W), abnormal sibling (Q, U, and
X), and rpk1-1 (R) embryos.
Developmental stages of embryos are indicated on the left-hand side of the figure and include early globular (A–D, H–K, and O–R), late globular (E–G,
L–N, and S–U), and transition (V–X) stages.
The scale bars represent 25 mm.pmental Cell 12, 943–956, June 2007 ª2007 Elsevier Inc. 953
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Two RLKs Required for Embryonic Pattern FormationFigure 6. AModel for theRole of RPK1/TOAD2-Mediated Signaling inRadial Pattern Formation duringArabidopsisEmbryogenesis
Left: schematic of radial pattern formation during embryogenesis and role of RPK1 and TOAD2 in this process.
Middle: illustrations of wild-type embryos from the octant to late globular stages.
Right: illustrations of rpk1 toad2 and rpk1 toad2/+ abnormal embryos from the octant to late globular stages.
Cells and text are color coded to indicate differentiation status. Blue, potential to become specified as either protoderm or subprotoderm; red,
protoderm; orange, subprotoderm and vascular primordium; yellow, ground tissue initials.
See text for description of model.of protoderm differentiation programs, as well as the re-
pression of subprotoderm differentiation programs in the
protoderm during the early globular stage.
Based on our observations that no toadstool early glob-
ular embryos expressed a protoderm marker and that
only half of toadstool early globular embryos ectopically
expressed a subprotoderm marker in cells that are in the
position of the central domain protoderm, the ectopic ac-
tivity of the subprotoderm differentiation program does
not appear to be a prerequisite for the absence of the pro-
toderm differentiation program. Instead, the derepression
of subprotoderm differentiation programs in toadstool
embryos may be an indirect consequence of the loss of
protoderm identity (Figure 6). We propose that the RPK1
and TOAD2 receptors are directly required in the proto-
derm for cell-fate maintenance subsequent to protoderm
specification at the dermatogen stage (Figure 6).954 Developmental Cell 12, 943–956, June 2007 ª2007 ElsevierSimilar to the requirement of RPK1 and TOAD2 for
maintenance of protoderm differentiation and repression
of subprotoderm differentiation in the outermost cell layer,
RPK1 and TOAD2 are also redundantly required to both
specify the ground tissue initials and to repress vascular
primordium differentiation programs in the cell layer sub-
jacent to the protoderm (Figure 6). Our results suggest
that RPK1 and TOAD2may be cell-autonomously required
for ground tissue initial specification. Alternatively, the
ground tissue initial differentiation defects observed in
toadstool embryos could be indirectly caused by differen-
tiation defects in other cell types.
RPK1 and TOAD2 Are Redundantly Required for
Hypophysis Differentiation during Embryogenesis
Our results indicate that RPK1 and TOAD2 are also
redundantly required for hypophysis differentiation. TheInc.
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Two RLKs Required for Embryonic Pattern Formationobservations that SCR is expressed in the presumptive
hypophysis in early globular toadstool embryos (Figure 5C
and data not shown), butWOX5p::GFP-NLS and DR5rev::
GFP (an auxin response marker) expression are defective
in the presumptive hypophysis in early globular toadstool
embryos (Figures 5J and 5Q), suggest that at least two in-
dependent pathways regulate hypophysis differentiation
at the early globular stage. These pathways would include
an RPK1- and TOAD2-independent pathway that initiates
SCR expression, and an RPK1- and TOAD2-dependent
pathway that enables proper auxin response and the onset
ofWOX5 expression. Independent pathways that regulate
SCR expression and auxin response have also been pro-
posed to specify the apical derivative of the hypophysis
at the late globular/transition stages (Aida et al., 2004).
In addition tobeingdelayed in theonsetofWOX5p::GFP-
NLS and DR5rev::GFP expression, the cells in the position
of the hypophysis derivatives express genes characteristic
of the vascular primordium at the late globular and transi-
tion stages (Figures 4H and 4N; Figure S6). Furthermore,
toadstool embryos at these stages frequently express
markers that are characteristic of the hypophysis in their
distal suspensor cells. Based on these observations, as
well as a recent report that suggests that factors originating
from the vascular primordium contribute to hypophysis
differentiation (Weijers et al., 2006), the apparent hypo-
physis-to-vascular primordium cell-fate transformation
observed in toadstool embryos may result in the proximal-
to-distal movement of hypophysis differentiation factors,
which may ultimately lead to the ectopic expression of
hypophysis markers in distal suspensor cells.
Because RPK1-GFP and TOAD2-GFP are localized in
the hypophysis derivatives, RPK1 and TOAD2 could be
directly required in these cells for their proper differentia-
tion. However, previous reports have demonstrated that
chemical ablation of the protoderm can result in defective
hypophysis cell divisions (Baroux et al., 2001; Weijers
et al., 2003), suggesting that signals from the protoderm
may contribute to hypophysis development. Because
RPK1 and TOAD2 are redundantly required for protoderm
development, the hypophysis defects in the toadstool
embryos could be due to the lack of protoderm cell-fate
maintenance.
We have identified two RLKs that are redundantly re-
quired for radial pattern formation and basal pole differen-
tiation during Arabidopsis embryogenesis. We propose
that the RPK1 and TOAD2 RLKs receive intercellular sig-
nals and mediate intracellular responses that are required
for embryonic pattern formation. Identification of ligands
for RPK1 and TOAD2, signaling components downstream
of these receptors, and their relationship with ABA will
yield further insight into the molecular basis of early pat-
terning events in Arabidopsis embryos.
EXPERIMENTAL PROCEDURES
Growth Conditions and Genetic Analyses
The rpk1-1 and rpk1-5 alleles were generated by the Wisconsin Arabi-
dopsis Knockout facility and the Arabidopsis TILLING Project (ATP)Develofacility (Till et al., 2003), respectively. The toad2-1 and toad2-2 alleles
were identified by the SALK Insertion Stock Center (Alonso et al.,
2003). PIN1p::PIN1-GFP and DR5rev::GFP were obtained from the
Nottingham Arabidopsis Stock Center (Scholl et al., 2000).
All mutant lines were backcrossed at least four times into the Col-
0 ecotype and were grown at 22C in a Conviron growth chamber
with a 16 hr light/8 hr dark cycle. To genotype progeny from crosses,
three primer polymerase chain reactions were performed using ex-Taq
polymerase (TaKaRa). All primers used in this report are described in
Table S7.
RPK1 and TOAD2 Translational Fusions
Genomic regions corresponding to 2.9 kb upstream of the RPK1 ATG
to just downstream of theRPK1 coding sequence and 1.3 kb upstream
of the TOAD2 ATG to just downstream of the TOAD2 coding sequence
were cloned into pCR2.1-TOPO using the TOPO TA cloning kit (Invitro-
gen), subcloned into pBI-GFP(S65T) (Yadegari et al., 2000), and trans-
formed into Col-0 plants via Agrobacterium-mediated transformation
(Clough and Bent, 1998). At least 20 embryos from more than seven
independently transformed lines were examined for every stage of
embryogenesis described.
Microscopy
Ovules were fixed and cleared as previously reported (Ohad et al.,
1996), and viewed using Nomarski optics on a Zeiss Axiophot equip-
ped with a digital camera. Images were collected with PictureFrame
1.0 software. Embryos were dissected in water, stained with 1 mg/ml
FM4-64 (Molecular Probes), and mounted in 10% glycerol. An MRC
1024 CLSM (Bio-Rad) equipped with a 488 nm laser and a 30% neutral
density filter was used to excite GFP and FM4-64 fluorescence.
GFP and FM4-64 fluorescence was captured with 522/DF35 and
680/32 filter sets, respectively, and images were collected with
LaserSharp 2000 software. All images were processed using Adobe
Photoshop.
RNA In Situ Hybridizations
Fixing and sectioning of embryos were performed as previously de-
scribed (Drews et al., 1991). Riboprobes labeled with digoxigenin
were made according to the manufacturer’s recommendations
(Roche). ATML1, KAN, PNH, and SCR probes correspond to those
used in previous reports (Kerstetter et al., 2001; Lu et al., 1996; Lynn
et al., 1999; Wysocka-Diller et al., 2000). Hybridizations, washes,
and immunological detection were performed as previously described
(Vielle-Calzada et al., 1999). Images were captured with QCapture Pro
5.0 software. Unless noted otherwise, at least 20 wild-type, normal
sibling, and abnormal sibling embryos were examined for each stage
of embryogenesis and marker described.
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